A critical step in Drosophila dorsoventral patterning is the movement of gurken mRNA from the anterior cortex of the oocyte to the oocyte's anterodorsal corner at stage 8 of oogenesis. Such movement is dependent on fs(l)KlO.
Introduction
Asymmetries within cells are necessary for cell differentiation and pattern formation (reviewed in Gurdon, 1992; St. Johnston and Niisslein-Volhard, 1992) . One striking example involves the localization of gurken (grk) mRNA to the anterior portion of the dorsal surface of the Drosophila oocyte during stage 8 of oogenesis (Neuman-Silberberg and Schiipbach, 1993 ; and see King, 1970 , for a complete description of the 14 stages of Drosophila oogenesis). (For simplicity, we will refer to the anterior portion of the oocyte's dorsal surface as its anterodorsal corner). Such localization is thought to lead to the specific secretion of GRK protein from the oocyte's anterodorsal corner and, subsequently, to the formation of pattern within the follicular epithelium that surrounds the developing oocyte. Follicle cells that *Corresponding author, Tel.: +l 913 8643935; Fax: +I 913 86455321. are exposed to GRK protein (i.e., follicle cells on, or that migrate over, the anterior portion of the oocyte's dorsal surface) adopt the dorsal cell fate, while nonexposed follicle cells (e.g., lateral and ventral follicle cells) adopt the ventral or default cell fate. Compelling support for this model comes from several lines of investigation. First, all follicle cells adopt the ventral fate in grk loss-of-function mutants (Schiipbach, 1987; Manseau and Schiipbach, 1989) . Second, an increase in the grk gene copy number, which results in the stable accumulation of grk mRNA along the oocyte's entire anterior cortex as well as in its anterodorsal corner, causes more follicle cells than normal to adopt the dorsal cell fate (Neuman-Silberberg and Schiipbach, 1994) . Third, second site mutations that disrupt the grk mRNA distribution pattern similarly disrupt follicle cell fate decisions (Neuman-Silberberg and Schiipbach, 1993, Christerson and McKearin, 1994; Roth and Schiipbach, 1994) . Fourth, the predicted GRK protein sequence shares extensive sequence similarities to the TGFol fami- ly of extracellular signaling molecules (NeumanSilberberg and Schiipbach, 1993) . And fifth, the likely follicle cell receptor for secreted GRK protein, torpedo/DER, is a member of the EGF family of receptors (Price et al., 1989; Schejter and Shilo, 1989) , known targets of TGFa! signaling molecules (Pike et al., 1982) .
The mechanism by which grk mRNA becomes localized to the oocyte's anterodorsal comer is not clear. Through the early part of stage 8 of oogenesis the grk mRNA distribution pattern resembles that of most other localized mRNAs (see Ding and Lipshitz, 1993; and Macdonald, 1992 , for reviews). The mRNA is first detected in the germarium prior to egg chamber formation, where it appears to be concentrated in a single germ cell, presumably the oocyte (Neuman-Silberberg and Schtipbach, 1993; Serano and Cohen, unpublished data) . Thereafter, grk mRNA steadily increases in abundance and is confined to the oocyte. At the beginning of stage 8, the mRNA becomes concentrated along the oocyte's anterior cortex. This is an apparent mRNA sorting station, as all localized mRNAs concentrate at the oocyte's anterior cortex prior to moving to their final destinations (Ding and Lipshitz, 1993; Macdonald, 1992) . By late stage 8 or early stage 9, grk mRNA moves to the anterodorsal corner of the oocyte in close proximity to the oocyte's nuclear membrane, where it persists through at least stage 1OB (Neuman-Silberberg and Schiipbach, 1993) .
The efficient and/or stable concentration of grk mRNA at the oocyte's anterodorsal corner is dependent on wild type fs(l) KIO (KZO) , squid (sqd), orb, cappuccino (capu) and spire (spir) gene activities (NeumanSilberberg and Schiipbach, 1993; Christerson and McKearin, 1994; Roth and Schiipbach, 1994) . Of these genes, KZO and sqd appear to play the most specific roles; KZO and sqd mutants exhibit only dorsoventral patterning defects (Wieschaus, 1979; Kelley, 1993) , while orb, capu and spir mutants exhibit both dorsoventral and anteroposterior patterning defects (Manseau and Schtipbach, 1989; Lantz et al., 1994; Christerson and McKearin, 1994; Roth and Schiipbach, 1994) . In KZO and sqd mutants, grk mRNA never fully concentrates at the oocyte's anterodorsal corner. Instead, about half of the mRNA persists along the entire anterior cortex of the oocyte (Neuman-Silberberg and Schtipbach, 1993; Roth and Schtipbach, 1994) . This presumably leads to the secretion of GRK protein from the entire anterior circumference of the oocyte as well as from its anterodorsal corner, since more follicle cells than normal adopt the dorsal cell fate in KZO and sqd mutants (Wieschaus, 1979; Kelley 1993; Roth and Schiipbach, 1994) .
How KZO mediates the concentration of grk mRNA at the oocyte's anterodorsal comer is unclear. One proposed model is that KZO down-regulates grk mRNA synthesis or steady state levels (Forlani, 1993; Chasan and Anderson, 1993) , thus ensuring that the putative receptors that anchor grk mRNA to the anterodorsal comer of the oocyte exceed the amount of grk mRNA produced. According to this model, grk mRNA anchors would become saturated in KZO mutants and excess grk mRNA would accumulate (or remain) at the oocyte's anterior cortex, an apparent default mRNA localization site (see above). Consistent with this model, the grk mRNA distribution pattern and follicle cell phenotype of KZO mutants can be mimicked by increasing the grk gene copy number from two to six (Neuman-Silberberg and Schiipbach, 1994) . Also, KlO mutants are partially suppressed by a reduction in the grk gene copy number (Forlani et al., 1993) .
While attractive in its simplicity, there is no direct support for the down-regulation model of KZO gene function. Indeed, we have been unable to detect any differences between grk mRNA levels in wild type and KZO mutant stocks (Serano and Cohen, unpublished data) . How else might KZO mediate grk mRNA localization? One possibility is that KlO is more directly responsible for the relocalization of grk mRNA from the oocyte's anterior cortex to its anterodorsal comer, hereafter referred to as the relocalization model. KZO could, for example, encode or activate molecules that translocate grk mRNA from the oocyte's anterior cortex to its anterodorsal comer, or anchor the mRNA there following translocation. Implicit in this model is that the concentration of grk mRNA in wild type stocks is higher than needed to convert dorsal follicle cells to the dorsal cell fate; grk mRNA would be less concentrated in KZO mutants than in KlO+ stocks, since it would be spread over a larger area in the former. Consistent with this provision, heterozygous grk stocks exhibit no (Schiipbath, 1987) or only slight and infrequent dorsoventral patterning defects (Christerson and McKearin, 1994 ). Here we show genetically and immunocytochemically that the amount of grk activity and protein in KZO mutants is not higher than it is in KlO+ stocks, but rather distributed differently. These results both contradict the down-regulation model and support the relocalization model. In further support of the relocalization model, we show, using an inducible KZO gene construct, that KZO expression just preceding or during the relocalization phase of the grk mRNA localization process is sufficient for efficient concentration of grk mRNA at the oocyte's anterodorsal comer.
Results
2.1. KZO is not a down-regulator of grk mRNA levels
As illustrated in Fig. 1 , the down-regulation model predicts an overall increase in the concentration of grk activity upon loss of KZO gene activity. As a result, more follicle cells should adopt the dorsal fate in KZO mutants than in KlO+ stocks. The relocalization model predicts In wild type egg chambers (A), grk mRNA is concentrated to the anterior portion of the oocyte's dorsal surface in close proximity to the oocyte nucleus (Neuman-Silberberg and Schiipbach; and Fig. 2A ). This presumably leads to a graded distribution of GRK protein (lightly shaded blobs), with peak levels occurring above the oocyte in the anterior portion of the oocyte's dorsal cortex and progressively lesser amounts occurring in more lateral and ventral regions of the oocyte. Follicle cells exposed to secreted GRK protein adopt the dorsal cell fate (black in figure) , while non-exposed follicle cells adopt the default or ventral cell fate (non-shaded cells). (Here and in the text, we use the tetm dorsal cell fate generically and, thus, do not intend to rule out the possibility that GRK specifies a spectrum of dorsal cell fates in a concentration-dependent fashion). A more shallow GRK protein gradient is seen in grkEDz egg chambers (B), such that fewer cells are exposed to dorsalizing amounts of GRK protein and thus converted to the dorsal cell fate. The downregulation model (C) proposes that KIO mediates grk mRNA localization by down-regulating grk mRNA levels, thus ensuring that the receptors that anchor the mRNA to the anterodorsal portion of the oocyte are in excess to the mRNA (see text). This model predicts that Klf&rkED** double mutants would produce more grk mRNA and protein and, therefore, expose more follicle ceils to dorsalizing amounts of GRK protein than would grkeM2 single mutants. The relocaliition model (D) proposes a more direct role for KIO in which it does not regulate grk mRNA levels, but rather is required for the stable movement of the mRNA to the oocyte's anterodorsal comer from its anterior cortex. This model predicts that KIO;grkEDz double mutants would produce the same amount of grk mRNA and protein as would grkED2* .
smgle mutants, but that the dorsal concentration of the protein would be lower in the double mutant than in the single mutant, since it would be spread over a larger area. Accordingly, one would expect fewer follicle cells to adopt the dorsal fate in the double mutant than in the single mutant. a simultaneous decrease in the dorsal concentration of grk activity and an increase in the anterior concentration of grk activity upon loss of KZO gene activity (Fig.  1) . If the initial concentration of grk activity is high, i.e. higher than needed to convert all dorsal follicle cells to the dorsal cell fate, as we suspect it is in wild type stocks (see above), then the relocalization model predicts that the loss of KIO gene function would increase the number of follicle cells that adopt a dorsal fate. In this case, the 'extra' grk activity would be available to dorsalize additional follicle cells (e.g., anterior follicle cells). If, however, the initial concentration of grk activity is low, e.g. too low to tolerate a decrease, then the relocalization model predicts that the loss of KZO gene function would decrease the number of follicle cells that adopt a dorsal fate.
To distinguish between the down-regulation and relocalization models, we compared follicle cell fate decisions in grkED22 stocks to those in K10;grkED22 double mutant stocks. The grk ED22 allele produces correctly localized mRNA and protein ( Fig. 2 and data not shown). However, the amount of protein produced is much lower than that seen in wild type stocks (KarlinMcGinness and Cohen, unpublished) . Not surprisingly, many fewer follicle cells than normal adopt a dorsal fate in grkED22 mutants and partially ventralized eggs are produced, i.e. eggs with expanded ventral regions at the expense of reduced dorsal regions (Clifford and Schiipbath, 1989; Roth and Schtipbach, 1994; and see Fig. 4) . Since grk activity is low in grkED22 stocks, the downregulation and relocalization models make different predictions about subsequent removal of KIO gene activity. The down-regulation model predicts that more follicle cells will adopt the dorsal cell fate in K10;grkED22 double mutants than in grkED22 single mutants, while the relocalization model predicts that fewer follicle cells will adopt the dorsal cell fate in the double mutants than in the single mutants.
To assess follicle cell fate decisions in the KlO;grk ED22 double and grkEDU single mutants, we first carried out whole mount in situ hybridization with a dorsal follicle cell-specific marker, ABF (Abel et al., 1993) . In wild type egg chambers, ABF is transcribed in two relatively large patches of dorsal follicle cells, one on either side of the dorsal midline (Fig. 3A) . Ventral follicle cells do not express ABF (Fig. 3A and data not shown). In grkED22 egg chambers, ABF is expressed in a single small patch of follicle cells on the dorsal midline (Fig. 3C) , confirming previous reports that fewer than normal follicle cells adopt the dorsal fate in grkED22 mutants .
In KlO;grk ED22 double mutant egg chambers, no follicle cells express ABF (Fig. 3D) , indicating that all follicle cells have adopted the ventral fate in the double mutant. This result is in direct conflict with that predicted by the down-regulation model of KIO gene function (Fig. 1C) and instead supports the relocalization model (Fig. 1D) .
We also compared the extent of follicle cell dorsalization in the double and single mutants by examining egg shell phenotypes. The egg shell is secreted by follicle cells and contains a distinct dorsoventral pattern, reflecting the differentiated states of the follicle cells at the time of egg shell secretion (Margaritis et al., 1980; Schiipbach, 1987) . The most prominent dorsoventral egg shell markers are the two dorsal appendages, one projecting from each side of the dorsal-midline and extending well beyond the anterior tip of the egg (Fig. 4A ). Other dorsoventral polarities include: (1) the shape of the egg; the dorsal surface has a shorter contour length than the ventral surface, and (2) follicle cell imprints; follicle cell imprints on the dorsal surface of the egg shell are elongated compared to those in more lateral and ventral regions (Fig. 4D) .
As seen in Fig. 4 , the egg shells of K10;grkED22 double mutants are more ventralized than those of grkED22 R esults indistinguishable to that seen in (B) and (D) were obtained when the KM' allele was used instead of KIOLMW.
single mutants. The majority of the double mutant egg shells contain no (or only a node of) dorsal appendage material positioned on the dorsal midline ( Fig. 4C and F; Table 1 ). In contrast, nearly all single mutant egg shells contain at least one dorsal appendage that almost always extends anteriorly beyond the anterior tip of the egg ( Fig. 4B and E) . In addition, the dorsal surface of the double mutant egg shell has a longer contour length than that of the single mutant and contains fewer elongated follicle cell imprints (compare Fig. 4E and F, KIOLMoo; grkED22 (C and F) . Egg shells similar to that seen in (C) and (F) were produced by K10'; grkED22 flies (data not shown). [183] [184] [185] [186] [187] [188] [189] [190] [191] [192] and see Table 1 ). According to the relocalization model, the concentration of GRK protein in the oocyte's anterodorsal comer should be lower in KZO mutants than in KZO+ stocks. To test this prediction, we prepared and used anti-GRK antibodies to determine the GRK protein distribution pattern in wild type and KIO mutant ovaries. In wild type ovaries, GRK protein is localized to the extreme cortex of the oocyte, possibly in the interfollicular space between the oocyte and the surrounding follicular epithelium ( Fig. 5A and C) . The expression domain is Lshaped, extending from the dorsal fifth of the anterior interfollicular space, up around the nucleus and along the dorsal interfollicular space to -50% oocyte length.
As predicted by the relocalization model, we find reduced amounts of GRK protein in the dorsal region of KIO mutant oocytes as compared to wild type oocytes. This reduction is most apparent along the dorsal midline of the oocyte (compare Fig. 5C and D) . Also, as predicted, GRK protein is found along the entire anterior cortex of the KZO mutant oocyte.
While we expected to find less GRK protein in the dorsal region of KZO mutant oocytes than in the dorsal region of wild type oocytes, the observed reduction is greater than anticipated. Based on in situ hybridization experiments (Roth and Schiipbach, 1994 , and see Fig.  2 ), one would have predicted only about a 2-fold reduction in GRK protein level along dorsal surface of the oocyte. Instead, we see nearly a 100% reduction; no GRK protein is found along the dorsal midline of KZO mutant oocytes. This suggests that the grk mRNA which accumulates in the anterodorsal comer of KIO KlO-;P[hs-KZO] lines are 100% female sterile, i.e. they produce fully dorsalized eggs and embryos that die before hatching. Also, no ovarian hs-KIO transcripts are detected in any of these four lines by in situ hybridization with a KIO probe (Table 2 and data not shown). The fifth line produced moderately dorsalized eggs that hatched with a frequency of -5%. In situ hybridization studies show that this line produces a low level of hs-KIO transcripts in the absence of deliberate heat shock, possibly due to the insertion of the transgene into constitutively active chromatin.
Nearly complete fertility (greater than 95% egg hatching) is restored to each of the five KZO*;P[hs-KZO] lines with deliberate heat shock. As summarized in Table 2 , maximal restoration of fertility is accomplished with heat shocks applied anytime within the 6-h interval from the middle of stage 7 to the middle of stage 8. Up Eggs were collected from 5-10 females of the indicated genotypes and the phenotype of their dorsal appendages was recorded. Three phenotypic classes varying in degree of dorsalization were discernible. The least severe phenotype 'one long' consisted of a single, fused dorsal appendage that projected out beyond the anterior tip of the egg (see Fig. 4B and E for representative photographs). The second, more severe, phenotype 'one short' again consisted of a single, fused dorsal appendage, but of reduced size, such that it never extended beyond the anterior tip of the egg and often was just a node of material confined to the surface of the egg. The most severe phenotype (none), consisted of the absence of any detectable dorsal appendage material and was only observed in the KlO;grk ED22 double mutant stocks (see Fig. 4C and F for representative photographs). to 35% fertility can be restored with heat shocks applied anytime within the 3-h interval from the middle of stage 8 to the end of stage 8. No fertility is restored with heat shocks applied during or after the end of stage 8. While it is difficult to predict the amount of time that elapses between the onset of heat shock and the accumulation Three-day KIO LMeo flies carrying one copy of the hs-KIO transgene were heat shocked at 37°C for 35 min then returned to room temperature for recovery. Eggs were collected at the indicated recovery intervals and their hatching frequencies recorded. The stage at which the heat shock was applied is deduced from the known times required to complete the various stages of oogenesis (Lin and Spradling, 1993) . The data represent collections of over 100 eggs from -20 females from each of the five KIO-;P[hs-KIO] lines, where each line contains the hs-KlO transgene at a different chromosomal site. In no case did eggs with abnormal (e.g. dorsal&d) egg shells hatch. Similarly, greater than 95% of all eggs with wild type-appearing egg shells hatched.
of KlO protein in the oocyte nucleus, these data indicate that the production of KlO protein as late as the middle of stage 8 is sufficient for KZO function. This is in agreement with the idea that KlO protein mediates the relocalization of grk mRNA to the oocyte's anterodorsal comer, which occurs during late stage 8/early stage 9 (Neuman-Silberberg and Schiipbach, 1993).
In no case did the heat shocks appear to cause a dominant mutant phenotype. Thus, there is no indication that an oocyte can have too much KIO gene activity or that the ectopic expression of KZO in other tissues of the adult female is deleterious.
Discussion
The localization of specific mRNAs to discrete regions within the Drosophila oocyte is critical in defining the anteroposterior and dorsoventral axes of the mature egg and future embryo (reviewed in St. Johnston and Ntisslein-Volhard, 1992; Macdonald, 1992; Ding and Lipshitz, 1993; and see Neuman-Silberberg and Schiipbach, 1993) . In this paper, we have investigated the mechanism by which grk mRNA, the only mRNA known to be asymmetrically distributed along the dorsoventral axis of the Drosophila oocyte, becomes localized.
KIO is not a down-regulator of grk mRNA synthesis
We have shown that GRK protein and activity are reduced in the dorsal region of KIO mutant oocytes rela-of Development 51 (1995) 183-192 tive to wild type oocytes. This result is inconsistent with the previous proposal that KZO is a down-regulator of grk mRNA levels (Chasan and Anderson, 1993; Forlani et al., 1993) and leads us to conclude that KIO is responsible for the movement of an independently specified amount of grk mRNA from the oocyte's anterior cortex to its anterodorsal comer. In support of this model, we show that the production of KlO protein as late as the middle of stage 8, when grk mRNA first begins to accumulate in the anterodorsal portion of the oocyte, confers normal dorsoventral polarity to the egg and embryo.
In apparent conflict to our conclusion, previous studies have shown that a reduction in the grk gene copy number partially restores dorsoventral polarity and fertility to KZO mutant stocks. To resolve this conflict, we propose that the oocyte (or egg chamber) contains dorsoventral polarity in the absence of KZO function. There could, for example, be factors involved in dorsoventral patterning that are asymmetrically distributed across the dorsoventral axis of the egg chamber in a KZO-independent fashion. Because there is no detectable dorsoventral polarity in the egg shells of strong loss-offunction grk mutants (Schiipbach, 1987; Manseau and Schfipbach, 1989) , we imagine that these 'other factors' act through grk. The normal role of such factors may be to promote follicle cell dorsalization at the edges of the GRK protein distribution domain, where GRK protein levels may be low. In a KZO mutant, GRK protein concentrations may be barely high enough to induce follicle cell dorsalization (due to it being spread over a larger area than normal), such that a two-fold reduction in the GRK protein concentration may limit dorsalization to regions that contain the potentiator of grk activity.
It is noteworthy that sqd has also been proposed to mediate grk mRNA localization via down-regulating grk mRNA levels (Kelley, 1993) . Again, the only support for this is that sqd mutants are partially suppressed by a reduction in the grk gene copy number (Kelley, 1993) . Based on our studies, we suggest that sqd, like KlO, may localize grk mRNA independently of the regulation of grk mRNA levels. In support of this, the GRK protein distribution pattern of sqd mutant oocytes is indistinguishable from that of KIO mutant oocytes (Karlin-McGinness and Cohen, unpublished data).
Possible roles of KlO in grk mRNA localization
There is a growing body of evidence that localized mRNAs reach their final destinations in a directed fashion, e.g. via translocation along polarized microtubules or microfilaments (reviewed in Wilhelm and Vale, 1993 and see Ainger et al., 1993) . There is also strong evidence that, upon reaching their final destinations, mRNAs dissociate from the translocation machinery (e.g., motor proteins like kinesin and dynein) and bind anchors that are associated with more stable components of the cytoskeleton (Wilhelm and Vale, 1993; Pokrywka and Stephenson, 1994) . The specific requirement of KZO gene function for grk mRNA localization argues against the idea that KIO encodes or regulates the activity of general components of the mRNA localization machinery, e.g. microtubule and/or microfilament motor proteins. Rather, KIO is likely to be involved in grk mRNA localization-specific steps. Such steps would include the coupling of the mRNA to the translocation machinery (i.e. to motors) and the binding of the mRNA to its anchor following translocation.
The possibility that KlO protein is itself a grk mRNA anchor or motor coupler is highly unlikely, since KlO protein is confined to the interior of the oocyte nucleus (Serano and Cohen, unpublished observation). KlO could, however, activate genes encoding such molecules. In support of this idea, KlO protein bears sequence homology with certain DNA and RNA binding proteins (Prost et al., 1988) and binds polytene chromosomes when expressed in salivary glands (Karlin-McGinness and Cohen, unpublished) .
Two observations lead us to favor the idea that KIO activates a grk mRNA anchor as opposed to a grk mRNA coupler. First, none of the grk mRNA that accumulates in the anterodorsal corner of the KlO mutant oocyte appears to be translated (see Results). It seems reasonable that grk mRNA would only be translatable after it is anchored. Indeed, translation inhibition during mRNA translocation might be a general feature of mRNA localization, providing a safety net against the accumulation of protein in undesired regions of the cell (see, for example, Gavis and Lehmann, 1994) . Second, KlO protein is specifically required in the oocyte nucleus (Prost et al., 1988; Serano et al., unpublished) , which is located in the anterodorsal portion of the oocyte (King, 1970) . This suggests that KZO activates the expression of a localized component of the grk localization machinery. For example, a simple mRNA trapping mechanism could mediate the localization of a KIO target to the oocyte's anterodorsal corner. While it seems reasonable that the grk mRNA anchor would need to be localized to the oocyte's anterodorsal corner, such localization of a grk mRNA coupler would seem to be irrelevant or counterproductive.
In view of our GRK immunolocalization studies, it is puzzling that the egg shell phenotypes of KIO mutants and grk over-expressors (i.e. flies that contain six copies of the grk gene, Neuman-Silberberg and Schiipbach, 1994) are so similar. The over-expressor's GRK protein distribution pattern is very likely a composite of the wild type and KIO mutant patterns, namely an L-shaped pattern that includes the oocyte's entire anterior cortex (the KIO mutant pattern) and most of its dorsal cortex (the wild type pattern). Accordingly, one might expect the eggs of over-expressors to have larger dorsal appendages than those of KZO mutants. One might also expect the over-expressor's dorsal appendages to be shifted towards the dorsal surface of the egg relative to the position of MO's dorsal appendages. Instead, both mutants produce similarly sized dorsal appendages that project from the center of the anterior end of the egg. Thus, with respect to egg shell phenotype, GRK protein distributed along the anterior cortex of the oocyte appears to be functionally equivalent to GRK protein distributed along the oocyte's anterior and dorsal cortexes. The explanation to this puzzle may lie in the fact that -90% of the follicle cells that cover the oocyte migrate there from anterior portions of the egg chamber (i.e. the nurse cell portion of the egg chamber) during stages 8-9 (Margaritis et al., 1980) . All migrating follicle cells pass over the anterior cortex of the oocyte and thus are potential targets of dorsalization by GRK protein secreted from the anterior cortex of the egg. GRK protein secreted from the dorsal surface of the oocyte might, at most, target another 5% of the total follicle cell population (namely, that fraction of the total population which is born over the oocyte's dorsal surface) to dorsalization, perhaps a number too small to be reflected in egg shell phenotype.
Eperimental procedures 4.1. Fly stocks
Flies were raised under standard conditions, unless otherwise noted. The wild-type stock was Oregon R. KZO' and KIOLMm are fully penetrant, recessive mutations obtained from T. Schiipbach. The KZOLMes allele is an RNA null as assayed by in situ hybridization (Cheung et al., 1992) . However, it produces immunocytochemically detectable amounts of protein (T. Serano, unpublished data). KIO' also produces immunocytochemically detectable amounts of KlO protein, albeit at extremely low levels (T. Serano, unpublished data). grkED22 is a partial loss-of-function mutation . All marker mutations and balancers are described in Lindsley and Zimm (1992) . w ii'* flies served as recipients for P element transformations.
4.2, In situ hybridization
In situ hybridization to whole mount ovaries was carried out according to Tautz and Pfeifle (1989) with modifications described in Cheung et al. (1992) . Digoxigenin-labeled DNA probes were produced by random-priming according to Feinberg and Vogelstein (1983) . The box A-binding factor (AM') probe corresponds to ABFcDNA nucleotides 2699-2871 (Abel et al., 1993) . The grk exon probe corresponds to grk cDNA nucleotides 505-1029 (Neuman-Silberberg and Schiipbath, 1993).
Photography
Photographs were taken on a Zeiss Axiophot microscope with Technical Pan (for black and white) or Ektachrome 64T (for color) film (Kodak). Egg shells and stained ovaries were photographed with dark field and differential interference optics, respectively. Negatives were digitally-captured on an Apple Quadra computer in Photoshop 2.5 (Adobe Corp.) using a Nikon LS3510 scanner. Captured images were manipulated in PageMaker 5.0 (Aldus Corp.) and printed on a dye sublimation printer (General Computer Company). To photograph egg shells, O-6 h eggs were washed thoroughly in water, mounted in a 1:l mixture of Hoyer's media and lactic acid (Brand and Perrimon, 1994) and cleared overnight at 55°C. Stained ovaries were mounted in 80% glycerol in phosphate buffered saline (PBS).
Gene constructs and transformations
The hs-KIO construct consists of the hsp70 sequence from -94 to +89, where +l is the first nucleotide of the hsp70 mRNA (Livak et al., 1978) , followed by KlO sequence beginning 158 nucleotides upstream of the KZO translation start site and extending 864 nucleotide downstream of the poly(A)-addition site (Prost et al., 1988) . The KIO sequence was obtained from a KIO minigene clone (provided by E. Mohier, Institut Jacques Monod, Paris). The hs-K10 gene was cloned into the pCaSpeR4 P element transformation vector (Pirrotta, 1988) . Embryos were prepared for microinjections according to standard procedures Spradling and Rubin, 1982) . hs-KZO DNA was injected at a concentration of -300 mg/ml. The P element transposase was provided by the helper plasmid pl3pwc (Cohen and Meselson, 1985) , which was coinjected at a concentration of -75 &ml. Five independent transformed lines were generated and analyzed as heterozygotes. 4 .5. Heat shock-K10 experiments hs-KlO transgenes were introduced into a KIOLMw background by standard genetic crosses. Five to ten 3-day-old females homozygous for KIOLMw and carrying one copy of a hs-KIO transgene were heat shocked at 37" for 35 min in moistened vials and allowed to recover at 25". Approximately 250 eggs were collected on yeasted apple plates at each of the recovery time intervals described in the text and their hatching frequencies were recorded. The stage at which heat shock was applied was deduced from measurements of the time required to complete each stage of oogenesis (Lin and Spradling, 1993) . We attempted to over-express KZO by heat shocking flies that carried 3 copies of the hs-KIO gene in a wild type background. These flies were placed at 37" for 1 h, allowed to recover for 5 h and subjected to a second heat shock at 37O for 1 h. Flies were returned to 25" and eggs were collected and examined. No dorsoventral pattern defects were observed (data not shown).
GRK Antibody production and immunocytochemistry
Anti-GRK polyclonal antibodies were raised in rats following immunization with a bacterially-produced of Development 51 (1995) 183-192 GRK fusion protein. The fusion protein was produced using the pET14 vector system (Novagen) and consisted of GRK amino acid residues 195-295, where full-length GRK protein is 295 amino acids (Neuman-Silberberg and Schiipbach, 1993) . The GRK protein coding sequence was flanked at its amino-terminal end by a histidine-rich, vector-encoded, sequence of 24 amino acids. Rats were immunized with 100 pg of the fusion protein in Freund's complete adjuvant and given six booster shots consisting of 100 pg fusion protein in Freund's incomplete adjuvant at 2 week intervals. All of the data shown was obtained with crude sera. Ovaries were prepared for immunocytochemistry according to a modification of the protocol described by Macdonald et al., (1991) . Briefly, ovaries were dissected in PBS and fixed for 20 min in PIPES-Mg buffer (0.1 M PIPES and 2 mM MgS04) containing 4% paraformaldehyde. Fixative was removed with 5 x 3 min washes in PBT (PBS containing 0.1% Tween20) and the ovaries were blocked overnight at 4°C in PBT containing 1.5% horse serum. Blocked ovaries were washed 3 x 20 min in PBT and immunoreacted for at least 8 h at 4°C with the rat anti-GRK antibody following preabsorbtion to similarly fixed, blocked and washed ovaries. Antibodies were preabsorbed at a 1:1500-fold dilution in TNBTT (Macdonald et al., 1991) and were not diluted further for immunocytochemistry. Primary antibody was removed with 3 x 20 min washes in PBT. The ovaries were reblocked with horse serum, washed as described above, and immunoreacted for 2 h at room temperature with a horse anti-rat, biotin-conjugated, secondary antibody (Vector Labs) diluted 1:200 in TNBTT and preabsorbed to ovaries as described above. Secondary antibody was removed in the same manner as primary antibody and immunocomplexes were visualized by incubation with a avidin-horse radish peroxidase conjugate (Vector labs) and immunocolor detection with diaminobenzidine, as described by the manufacturer. Stained ovaries were washed overnight in PBS and mounted in 80% glycerol for photomicroscopy.
